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Review of Motivations

* Molybdenum (Mo) isotopes found in HALEU fuels, space reactor

applications, fission product inventories

* %Mo is one of the 15 main absorbing fission products in light

water reactors

* New differential measurements of isotopic Mo cross sections in

unresolved resonance region (URR) from RPI need validation*

e New and future Mo cross sections from IRSN and JAEA at J-PARC

need validation**
e There are few benchmarks sensitive to Mo
* Only one intermediate benchmark

*R. Bahran et al, “Isotopic molybdenum total neutron cross section in the
unresolved resonance region”, Phys Rev C, 92, 024601 (2015)
https://journals.aps.org/prc/pdf/10.1103/PhysRevC.92.024601

**|, Duhamel et al, “Measurement, evaluation and validation of molybdenum
cross sections”, EPJ Web of Conferences 247, 09007 (2021)
https://doi.org/10.1051/epjconf/202124709007
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Isotope/Material and Interaction
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https://journals.aps.org/prc/pdf/10.1103/PhysRevC.92.024601
https://doi.org/10.1051/epjconf/202124709007

Existing Molybdenum Benchmarks

* Only one intermediate molybdenum
sensitive benchmark in the ISCBEP
handbook, HEU-COMP-INTER-005

e Conducted in Russian Federation in the
1980’s, accepted to handbook in 2002

* Large bias between computational and
experimental results

0.00 Y =

—0.02 1
—0.04 -

—0.06

Mo0-95 (n,y) kesr sensitivity/lethargy

-0.12 , . ; ; ,
10°5 104 1073 1072 1071 100 10!
Energy (MeV)

HEU-COMP-INTER-005 °>Mo(n,y) sensitivity
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1.03

1.025 | Benchmark uncertainty
JEFF-3.1.1 ——1
1ol = JENDL-4.0
. ENDF/B-VII.1 F—#—
1.015 |
S 101 :
S~
Q) L]
2 1.005 F

0.99 Jr hci5 hmt16 hmfs

o /M ']

hmf80 pmf44=

0.985

ICSBEP benchmarks containing Mo

Category N ENDF/B-VIIL.1 JENDL-4.0 JEFF-3.1.1
|heu-comp-inter 1 2060 2185 2774 |
heu-met-therm 2 503 353 541
heu-met-fast 7 -5 =227 -316
pu-met-fast 1 -152 -113 -378

Average values for C/E - 1 (in pcm) for
benchmarks containing Mo using MCNP6.1.
N is the number of benchmarks in the category.



HEU/Molybdenum Experimental
Design

« COMET vertical lift assembly

« Core will consist of stacking Jemima
plates (HEU metal), molybdenum plates,
and moderator plates.

« Varying the thicknesses of the
molybdenum and moderating plates will
be used to shape the energy spectrum of

the system
« Unit geometries repeated until criticality
Is reached
Unmoderated unit geometry Moderated unit geometry

HMF-072
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Goals

Fast (x1) Intermediate (x3) Thermal (x1)
MOLYBDENUM
MODERATOR MODERATOR
.
NiOLYBENUNl \ NﬁOLY'BENUIV]
Casel Case 2 Case 3 Case 4 Case 5
«  “Fast Case” *  “URR Case” * “URRVoid Case” * “Epithermal Case” * “Thermal Case”
* Unmoderated, ¢ Moderated,  Sameas Case3but * Moderated, * Moderated, copper
copper reflected copper reflected with molybdenum copper reflected reflected
¢ Maximize *  Maximize voids «  Maximize Mo(n,y) °© Maximize ®>Mo(n,y)
%SMo(n,y) SMo(n,y) sensitivity in sensitivity in
sensitivity in fast sensitivity in URR epithermal range thermal range
range (>100 keV) (2 keV — 200 keV) (0.625 eV — 2 keV) (<0.625 eV)

1% Los Alamos

NATIONAL LABORATORY



Case 1 — Fast Case (>100 keV)

» Goal: Unmoderated, copper reflected, molybdenum HEU system with maximum
molybdenum sensitivity in the fast energy region (100 keV — 20 MeV)

20 MeV Akeff

eff
f Ao(B)]  E
100 keV o(E)

k

Skeffjo'fast o

« Covers upper range of RPI molybdenum measurements (1 keV — 620 keV)

AAAAAAAAAAAAAAAAAA



Kefr

Skeff»afast

-

Case 1 — Fast Case (>100 keV)
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Proposed Case 1 — Fast Case (>100 keV)

T osscm
0.0000 MOLYBDENUM

—0.0025 1

Case 1 Unit Geometry
—0.0050 1

—0.0075 1
—0.0100 1
—0.0125 1

—0.0150 1

—0.0175 1

Mo-95 (n,y) kefr sensitivity/lethargy

—0.0200 T T T T .
107> 104 10-3 1072 1071 100 10t
Energy (MeV)

Case 1 %°Mo(n,y) sensitivity

Case 1 Geometry (20 units)
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Case 2 — URR Case (2 keV - 200 keV)

« Goal: Maximize ®>Mo(n,y) sensitivity in URR (2 keV — 200 keV)

200 keV Akeff/k

A eff
Skeff:UURR — j Ao (E) dE

2 keV O'(E)

* The moderator that provides the highest sensitivity for this case will be used
in the “URR Void Case” as well

« Covers lower range of RPI molybdenum measurements (1 keV — 620 keV)

» Almost complete lack of benchmarks sensitive at this energy

AAAAAAAAAAAAAAAAAA



Optimization Method

MOLYBDENUM
MODERATOR

MODERATOR
MOLYBDENUM

FUEL

The thickness of the molybdenum and
moderator plates (ty,01y, tmoa) are
varied over a range of values to optimize
a system parameter (i.e. Sk x Or Keff)

Four moderators are being investigated

keff

2.00 1.008 0.9846 0.9629 0.9423

1.80 1.0045 0.9811 0.9583

1.60 1.0007 0.9761 0.9539

T l40 0.9971 0.9723 0.9486
v

Fi

£ 120 1.0182 0.9924 0.9672 0.9432
2

(==

8 1.00 1.014 0.9875 0.9619 0.938
©

I

8

= 080 1.0084 0.9819 0.9557

0.60 1.0023 0.9768 0.951

0.40 0.9978 0.9716 0.9475

0.20 1.0183 0.9943 0.9698 0.947

T T T T
080 090 100 110 120 130 140 150 1.60 1.70

Molybdenum Thickness (cm)

Arbitrary moderator vs. molybdenum thickness plot

Al203 Be
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kess Of various configurations (2 keV — 200 keV)

Alumina

e

0.9972 0.98%¢ 0.9683 0.9549

1.0046 0.9901 0.9758NQ.9626

1.0128 0.9992 0.9844 0.9712NQ.9568

Alumina Thickness (cm)

8239 1.0115 0.9979 0.9853 0.9728 0.9601

1.0322 1.0834 1.0067 0.9948 0.9815 P.9696 0.9572

0.30

060 065 070 0.75 0.80 0 090 0 1.00 1.05

Molybdenum Thickness (cm:

Polyethylene i

1.00

0.90
0.80 1.1109/1.0772 1.0453 1.0158 0.9891 0.9636§0.9406

.099 1.0651 1.0329 1.002 0.9744 0.94f5 0.9239

0.70

0.60

Beryllium

Beryllium Thickness (cm)

1.30

1.20

1.10

1.00 1.0168 1.0024 0.9895 0.9759
0.90 1.0153 1.0003 0.9862 0.9735
0.80 1.0122 0.9979 0.9842 0.9709,
0.70 1.0101 0.9959 0.982 0.96§6
0.60 1.0077 0.994 0.9802 0.

0.50 1.00550.9921 0.977§

0.40 1.0045 0.9899 0.9

1.05 110 115 120 125 1.30

'ybdenum Thickness (cm)

0.50

0.40

Polyethylene Thickness (cm)

0.30 1.0784 1.0364 0.997 0.9592 0.9251 0.9933

0.20 -1.0843 1.0347 0.9915 0.9514 0.914

11 0.9839 0.9394 0.8983

180 200 220 260 280

Molybdenum Thickness (cm)

2.40

Teflon Thickness (cm)

Teflonn—"

0.9774 0.940%

1.0002 0.9697 0.9406 03

1.0222 0.9916 0.9635 0.9364

1.0538 1.0292 1.0048 0.9803 0.9554

0.50 1.0554 1.032 1.0079 0.9839

1.0583 1.0357 1.0124

0.10 020 030 040 050 0.60 .70 0.80 0.90 J1.00
Molybdenum Thickness (cm'

0.25 0.9896 (9658
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5 Keff.OURR

Alumina

Beryllium

of various configurations (2 keV — 200 keV

Alumina Thickness (cm)
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Investigated URR Moderators (2 keV — 200 keV)

Alumina Beryllium Polyethylene

Formula Be

T 3.97 0.93 2.25
Density [Cm3]
ST -0.045 -0.046 -0.035
tmotylcm] 0.8 1.4 0.7
tmoalcm] 0.6 0.2 0.5
.. 0.000
o %_l —— Alumina
g —0.005 1 “IJ —— Beryllium
QL | A —— Polyethylene
< —0.010 ] i yethy
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2 —0.015 - L]
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Proposed Case 2 — URR Case (2 keV - 200 keV)

Formula Be
ity [-2— 1.848
Density [Cm3]

0.000
5 Skeff:o'Thermal -0.056
& —0.005 1
] t cm 1.0
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S
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(@]
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Case 3 — URR Void Case

« Goal: Create near identical system as Case 2 but with varying voids in
central molybdenum plates

« Similar methodology to the lead voids in the Zeus experiments at NCERC

« Data can be used by evaluators to establish trends in C/E values as
molybdenum mass is removed

AAAAAAAAAAAAAAAAAA



Case 4 — Epithermal Case (0.625 eV - 2 keV)

» Goal: Moderated, copper reflected, molybdenum HEU system with maximum
molybdenum sensitivity in the epithermal energy region (0.625 eV - 2 keV)

2 kev DKerr

eff
f ro(B)]
0.625 eV o(E)

» Covers upper range of J-PARC molybdenum measurements (0 eV — 600 eV)

k

Skeff:o'fast —

1% Los Alamos
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k.ss Of various configurations (0.625 eV — 2 keV)

Alumina

l/
3.10 41.0297 0.9911 0.9
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N
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keffrO'Epithermal
Alumina

Beryllium

Alumina Thickness (cm)

ERVIE (-0.003 [FBI80S] -0.006 -0.007
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of various configurations (0.625 eV — 2 keV)

4/5/21 18



Investigated Epithermal Moderators (0.625 eV — 2 keV)

@ Lo

|
Polyethylene

CaFy
2.25
-0.002
0.2

2.0

Formula Al,04 Be

Density [C:l;?)] 3.97 1.848
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Proposed Case 4 — Epithermal Case (0.625 eV — 2 keV)

Formula C,H,

Density [CT‘%] 0.93

0.000
\_‘ JL\ mLLI Skeff'O'Epithermal -0.057
~0.005 ¥ = ]

-0.010 LL' :""'M ! I-- = tmotylcm] 2.2

tmod [Cm] 0.7

'I—I

95 (n,y) ke sensitivity/lethargy
S
o
=
w

1% 107 105 105 10+ 102 10 10~
Energy (MeV)
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Case 5 - Thermal Case (<0.625 eV)

» Goal: Moderated, copper reflected, molybdenum HEU system with maximum
molybdenum sensitivity in the thermal energy region (<0.625 eV)

0.625 keV Akeff

eff
f Ao(B))  E
0.0 eV o(E)

k

Skeffjo'fast _

« Covers lower range of J-PARC molybdenum measurements (0 eV — 600 eV)

AAAAAAAAAAAAAAAAAA



Thermal polyethylene configurations (<0.625 eV)

kef f /\ Ske ffO9Thermal

2.00 1.0354 1.0261 1.0168 ¥.00810.99990.9917 P -0.206 -0.203 -O0. 701199_—0.188 -0.189

1.90 1.0314 1.022] 1.0127 1.0044 0.996 1.90 ] -0.203 -0.199 [FONISB[EON9S] -0.195 -0.189
1.80 d d 1.0174 1.0084 0.9999 0.9914 1.80 .0.199 -0. 0 - [E658] 0.188
E 170 1.0335 1.0215 1.0122 1.00320.9944 E 170
—_— o
g 1.60 1.035f 1.0251 1.0155 1.006 0.9969 0.98B g 1.60
=y 8
. E
5 1.50 ! 1.0278 1.0175 1.0082 0.9985 0.98¢ 2 1.50 -0.209
z z
g g
= q >
o 1.40 .0295 1.0188 1.009 0.9989 0.98 E 1.40
1.30 .0Y98 1.0194 1.00840.9984 0.98p 1.30
1.20 1.029\1.0178 1.00710.9968 1.20
1.10 1.10

1.90 200 210 220 230 240 2.5 2.60 2.70
Molybdenum Thickness (cm)

1.90 200 210 220 230 240 250 260 270 280

Molybdenum Thickness (cm)
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Proposed Case 5 — Thermal Case (<0.625 eV)

Formula C,H,
ity [ 0.93

0.000 Density [Cm3]
—0.005 -""-JJL\ ‘ | I e Skeff'o'Thermal -0.057

~0.010 ,-/‘f/ \ T tmoty[cm] 2.5
_o015] | ff 1

¥ |
~0.020 |

—-0.025

tmoalcm] 1.4

—0.030

—0.035

Mo0-95 (n,y) kesr Sensitivity/lethargy

—0.040
108 107 106 10=> 10~ 103 102 10!

Energy (MeV)
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Review

Fast (x1) Intermediate (x3) Thermal (x1)
/\
* Casel * Case2 * Case3 * Case4d * Case5
* Unmoderated, < Moderated, * Moderated, *  Moderated, * Moderated, copper
copper reflected copper reflected copper reflected copper reflected reflected
*  “Fast Case” *  Maximize * SameasCase3but ¢ Maximize ®>Mo(n,y) ¢ Maximize *>Mo(n,y)
%Mo(n,y) with molybdenum sensitivity in sensitivity in
sensitivity in URR voids epithermal range thermal range
(2 keV—200 keV) * “URR Void Case” (0.625 eV — 2 keV) (<0.625 eV)
*  “URR Case” * “Epithermal Case” * “Thermal Case”
Beryllium moderated (?) Polyethylene moderated
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Review

Case 1 Case 2 Case 3 Case 4 Case 5
“Fast” “URR” “Void URR” “Epithermal’ “Thermal”

Moderator Beryllium Beryllium Polyethylene Polyethylene
tmoty[cm] 0.95 1.0 TBD 2.2 2.5
tmoalcm] N/A 0.6 TBD 0.7 1.4

Optimized Energy Range >100 keV 2 keV — 200 keV 2 keV — 200 keV 0.626 eV — 2 keV <0.625eV

Differential Data RPI RPI RPI J-PARC J-PARC
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Future Work - Plutonium Cases

« Similar geometry to the Zeus
plutonium/lead experiments

Middle Fuel Layer

Bottom Fuel Layer

« 239Py ZPPR plates, molybdenum, and
moderator fuel units reflected by copper

* Introduce voids by removing Zeus Pu/Pb experiment on COMET
molybdenum in fuel units

Fuel unit
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Future Work - Other Considerations

 Activation foils
* Neutron noise measurements (Rossi-a)

« Subcritical experiments
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Proposed Experiment Name

« Molybdenum Optimized Benchmark System Demonstrating Integral
Correlations

« MOBY DICK
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Questions?
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Extra Slides
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Mo(n,y) cross section

Incident neutron data | ENDFIB-VIIL.O | MoS5 | MT=102 : (z,y) | Cross section
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